INTRODUCTION
Galactosialidosis is a genetic metabolic disease caused by a deficiency of "protective protein" which stabilizes lysosomal /3-galactosidase [EC 3.2.1.23] (d 'Azzo et al., 1982; Hoogeveen et al., 1983) and activates lysosomal neuraminidase [EC 3.2.1.18] (Verheijen et al., 1985; Nanba et al., 1987) . More than 50 cases of galactosialidosis have been reported and about 70 ~o of them are of Japanese origin (Suzuki et al., 1984 (Suzuki et al., , 1988 . Most patients developed loss of vision as an initial symptom at ages 10-15 years, followed by neurological abnormalities, such as action myoclonus, cerebellar ataxia, skeletal dysplasia, cherry-red spots, and angiokeratoma (juvenile/adult form) (Suzuki et al., 1988) . Clinically severe cases have also been reported with edema, ascites, skeletal dysplasia, and cherry-red spots, occurring in early infancy (early infantile form) (Suzuki et al., 1988) . However, the correlation between the clinical phenotypes and genetic/biochemical data has not been clear.
The cDNAs encoding human and murine "protective protein" have been cloned, and the deduced amino acid sequences were found to possess homology to yeast carboxypeptidase Y and the KEX1 gene product (Galjart et al., 1988 (Galjart et al., , 1990 . Recently, the fibroblasts from three patients with late infantile form of galactosialidosis were found to be deficient in carboxypeptidase activity . The present study demonstrated that the acid carboxypeptidase activity was markedly reduced in lymphoblastoid cells as well as in fibroblasts from various clinical forms of galactosialidosis patients, and further characterization of this enzyme activity was performed.
MATERIALS AND METHODS

Cells.
The cells for this study were obtained from control subjects, galactosialidosis patients, and some of their parents. Fibroblasts were cultured in Ham's F-10 medium supplemented with 10% fetal calf serum and antibiotics. Lymphoblastoid cell lines were established as described by Anderson and Gusella (1984) . The diagnosis of galactosialidosis was confirmed by clinical manifestations and assays of lysosomal enzymes in mixed leukocytes and/or fibroblasts (Sakuraba et al., 1982) . The clinical phenotypes were classified as early infantile form in 2 unrelated patients and juvenile/adult form in 14 patients from 9 families (Suzuki et al., 1988) .
Neuraminidase and 13-galaetosidase assays. Activities of neuraminidase and /3-galactosidase were assayed as described previously, using 4-methylumbelliferyl glycosides as substrates (Sakuraba et al., 1982) . Protein determination was performed according to the method of Bradford (1976) using bovine serum albumin as standard.
Carboxypeptidase assay. CarboxypeptJdase activity was measured in skin fibroblasts and lymphoblastoid cells by a modified method of Stevens et al. (1986) , using N-CBZ-L-phenylalanyl-L-leucine (N-CBZ-Phe-Leu) as substrate. The cell pellets were suspended in distilled water, and homogenized by sonication for 10 sec. The cell homogenate (5-8~g protein for fibroblasts, and 50-100~g protein for lymphoblastoid cells) was incubated at 25~ in 50 mM sodium acetate buffer, pH 5.7, containing 0.75 mM N-CBZ-Phe-Leu in a total volume of 0.1ml. After 30 rain, 0.1 ml of distilled water was added, and the reaction was stopped by boiling for 3 min. The released L-leucine was determined by the method of Stevens et al. (1986) .
Characterization of acid carboxypeptidase. The following reagents were used for characterization of the carboxypeptidase activity; active site serine reagent
phenylmethylsulfonyl fluoride (PMSF) (Sigma, St Louis, U.S.A.); histidine reagents chloromethylketone derivatives of N-CBZ-L-phenylalanine (ZPCK; Sigma) and N-a-tosyl-L-phenylalanine (TPCK; Nacalai Tesque, Kyoto); thiol reagent iodoacetamide (Sigma); metal-chelating agent EDTA (Wako Pure Chemicals, Osaka); thiol-serine protease inhibitor leupeptin, carboxyprotease inhibitor pepstatin A, and metalloprotease inhibitor phosphoramidon (Peptide Institute, Osaka). Each of these reagents was preincubated for 60 rain at 25~ with a fibroblast homogenate (5-8~g protein) in the presence of 25 mM sodium acetate buffer (pH 5.7) in a total volume of 50/A. At the end of preincubation, 50yl of 1.5 mu N-CBZ-PheLeu was added to the incubation mixture for carboxypeptidase assay as described above. The reagents in this experiment did not interfere with determination of the liberated L-leucine.
RESULTS
Acid carboxypeptidase activity in galactosialidosis cells
In the present study, we assayed and characterized the carboxypeptidase activity in fibroblasts and lymphoblastoid cells from galactosialidosis patients of different clinical forms (juvenile/adult form and early infantile form) and from some of their parents. This enzyme showed a maximal activity at pH 5.7 in control fibroblasts with a synthetic substrate (N-CBZ-Phe-Leu), whereas it was almost completely deficient in the galactosialidosis cells (Fig. 1A) . In lymphoblastoid ceils, a broad e., pH pH-profiles of acid carboxypeptidase activity in fibroblasts and lymphoblastoid cells. Homogenates of fibroblasts and lymphoblastoid cells from a galactosialidosis patient and a control subject were prepared, and the carboxypeptidase activities were assayed as described in METHODS. Each value represents an average of duplicate determinations. Panel A, fibroblasts; panel B, lymphoblastoid cells. 9 control subject; e, galactosialidosis patient; A, subtraction profile.
pH profile was obtained, and a relatively low activity was observed in galactosialidosis cells at pH 5-6 (Fig. 1B) . When a differential pH-activity curve was plotted after subtraction of the patient's value from the control value at each pH, a single, sharp peak was elicited at pH 5.7. This result indicated that there are at least three peptidase activities in control lymphoblastoid cells, which have the optimal pH at 3.0, 5.7, and 6.8. It was concluded that only one of them, the carboxypeptidase with the optimum pH at 5.7, was deficient in galactosialidosis cells. Subsequently, we assayed the carboxypeptidase activity under the optimal assay pH as described above, together with /3-galactosidase and neuraminidase activities, in fibroblasts and lymphoblastoid cells from galactosialidosis patients (Table 1 ). There was no significant difference in carboxypeptidase activities in fibroblasts between the early-onset and late-onset forms of galactosialidosis patients (20 ~ of the control mean for early-onset form, and 17 ~ for late-onset form). The enzyme activity in lymphoblastoid cells was 24 and 23 % of the control mean, respectively, for a patient of early infantile form and 11 patients of juvenile/adult form. The average enzyme activity was low in fibroblasts from 4 parents of 4 unrelated patients (55 ~ of the control mean; p < 0.05). Carboxypeptidase activity was normal in GM~-gangliosidosis and sialidosis patients ( Table 1) .
Characterization of acid carboxypeptidase
For further characterization of the enzyme deficient in galactosialidosis cells, PMSF, phenylmethylsulfonyl fluoride; ZPCK, N-CBZ-L-phenylalanine chloromethylketone; TP-CK, N-a-tosyl-L-phenylalanine chloromethylketone; EDTA, ethylenediaminetetraacetic acid.
we evaluated the effects of various reagents acting on enzyme proteins. As shown in Table 2 , PMSF, which binds to a serine residue, inhibited the carboxypeptidase activity. Relatively high concentrations of histidine reagents ZPCK and TPCK, a thiol-serine protease inhibitor leupeptin, and a cysteine reagent iodoacetamide also partially inhibited the enzyme activity. On the contrary, acid protease inhibitor pepstatin A, and metallo-protease inhibitors EDTA and phosphoramidon aid not show any inhibitory effects on the activity. These results indicated that the acid carboxypeptidase deficient in galactosialidosis cells is a serine carboxypeptidase with histidine and cysteine residues at or near the active site.
DISCUSSION
Clinical manifestations of galactosialidosis patients have been found variable, although most of the cases reported in Japan were classified as juvenile/adult form with slowly progressive central nervous system deteriorations (Suzuki et al., 1984 (Suzuki et al., , 1988 . The early-onset form patients present with more generalized systemic mani-festations. The biochemical/genetic basis of variations in phenotypic expressions and ages of onset is not known at present.
The biological function of "protective protein" was first suggested to be associated with a protease activity by demonstration of a significant homology of deduced amino acid sequence to that of yeast carboxypeptidase Y (Galjart et al., 1988 (Galjart et al., , 1990 . A subsequent study ) demonstrated a specific deficiency of lysosomal carboxypeptidase (1.4~ of the control mean) at pH 5.5 in fibroblasts from galactosialidosis patients of late infantile form, possibly an intermediate form between early infantile and juvenile/adult forms. They also reported a carboxypeptidase L activity in the multi-enzymatic lysosomal complex of neuraminidase, fi-galactosidase, and "protective protein" purified from human placenta, and suggested that the lysosomal carboxypeptidase activity was associated with "protective protein" . The sensitivity of this enzyme activity to various protease inhibitors was similar to that of carboxypeptidase Y, in which the active site residues were serine, histidine and cysteine . However, direct evidence for identification of the carboxypeptidase as "protective protein" has not been presented.
A marked decrease of acid carboxypeptidase activity was found in lymphoblastoid ceils as well as in fibroblasts from all galactosialidosis cases in this study. This result strongly suggests a close correlation of acid carboxypeptidase deficiency with "protective protein" defect in galactosialidosis. Tsuji et al. (1983) reported that the lysosomal neuraminidase was significantly low (70~ of the control level) in lymphocytes from the parents of galactosialidosis patients, and concluded that heterozygote detection was possible by neuraminidase assays. However, we could not detect any significant differences in neuraminidase activity as well as in fi-galactosidase activity in parents' fibroblasts. On the other hand, carboxypeptidase activity in the parents was at an intermediate level between the patients and controls. This result also indicate that the low carboxypeptidase activity in the parents (obligate heterozygotes) results from a primary defect of this enzyme and represents a gene dosage effect of an autosomal recessive disease.
In our present assay system, no remarkable difference was found in carboxypeptidase activity between early infantile and juvenile/adult galactosialidosis cells, and we could not correlate clinical phenotypes with residual enzyme activities. The relation between the enzyme activity and the "protective" activity remains unknown. The former may have a direct effect on the latter in the lysosomal enzyme complex described above. This question will be solved by molecular analysis of these proteins, "protective protein"/carboxypeptidase, ~-galactosidase, and neuraminidase in the future.
